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Introduction 34
One recurring theme within parasite ecology is the relative stability of parasite populations in 35 domestic and wild animal hosts (Anderson & May, 1978; Tompkins & Hudson, 1999) , which 36
suggests that some form of regulatory mechanism must be ensuring population stability. The 37 majority of these mechanisms are driven by parasite density, i.e. are a function of mean parasite 38 burden within individual hosts; thus acting on infra-populations as opposed to populations as a 39 whole. Indeed, density-dependent regulatory mechanisms act on many aspects of the parasite 40 lifecycle, such as parasite establishment, growth, fecundity, development and maturation times, infections. These density-dependent mechanisms are important for regulating and stabilising 46 transmission dynamics, and therefore the parasite-host relationship, by ensuring that infra-47 populations do not become too over or underdispersed. 48
49
Despite knowledge of the existence of such regulation, the mechanisms underlying density-50 dependence are poorly understood, as it is difficult to disentangle host and parasite responses to 51 increasing parasite challenge (Paterson & Viney, 2002) . Host immune responses have been 52 demonstrated to reduce establishment, survivability and fecundity of parasitic nematodes, and it is 53 hypothesised that innate and adaptive immune responses, whose response to infection increases 54 with increasing parasite density, are responsible for the manifestation of density dependence 55 has been conducted in semi-naturally occurring pheasant populations using natural infections of S. 69 trachea. The aims of the present study were to determine firstly, whether worm length is a good 70 indicator of fecundity within S. trachea populations, and secondly, to determine whether fecundity 71 is impaired in response to increasing worm burden. 72
Worm length and fecundity 104
Fernando et al. (1971) 2009), the same principle was applied in this study. One hundred female worms were selected at 113 random in order to estimate the effect of length on the number of eggs per worm. Each female 114 worm was measured using a digital calliper (accuracy to 0.01mm) and the number of eggs were 115 counted using a stereomicroscope. In order to ensure egg viability, eggs were recovered from each 116 worm and maintained in the laboratory at 24 • C (Wehr, 1937). Eggs were cultured to the infective 117 stage (L3) and manually hatched by applying light pressure between two cover slips. 118 119 120
Condition of the trachea 121
It has been demonstrated that prolonged infections with S. trachea result in the formation of 122 hyperplastic tracheal cartilage in which the adult male worms are deeply embedded (Clapham, 123 1935). These nodules begin to form between 26 and 37 days PI and generally remain indefinitely; 124 meaning previous exposure and current infection length can be determined. To assess whether 125 previous exposure influenced mean worm length or mean worm burden in subsequent infections, 126 pheasant tracheas were examined for the present of nodules. These nodules do not form at the 127 point of attachment in corvids so previous exposure cannot be determined. Therefore, crows were 128 excluded from this part of analysis. 129 at which negative effects are observable, iterative backwards-stepwise deletion of the highest 139 parasite densities was conducted until the regression was no longer significant at the P = < 0.05 140
level. 141 142

Results 143
The trachea of 38 pheasants and 92 crows were recovered and examined for the presence of adult 144 S. trachea worms, of which 1307 pairs were recovered. 145 146
Worm length and number of eggs 147
In-utero egg counts were performed on 106 adult female worms recovered from 10 crows and 10 148 
Worm length and parasite intensity 153
Mean worm length was significantly correlated with parasite density for both pheasants and 154 crows, with a significant reduction in mean worm length at higher parasite densities (F1,127 = 155 393.3, R 2 = 0.759, P = < 0.001) ( 
Trachea length 163
The length of the trachea did not influence either the mean number of worms per bird or mean 164 worm length for either species. 165 166
Presence of nodules, mean worm length and number of adult worms 167
Crows were excluded from this part of analysis so results are not reported. Retrospective analysis 168 of the Guildford and Herrick (1954) data, and trachea condition in the present study revealed that 169 pheasants with hyperplastic tracheal nodules tended to have fewer adult worms present in the 170 trachea (Mean ± SEM = 5.45 ± 1.16 worms per bird) than birds without nodules (Mean ± SEM =compared with worms in birds that had no evidence of previous exposure (Mean ± SEM = 10.43 174 mm ± 0.79) (n = 23, t 13 = -3.13, p = < 0.001). 175 176
Mean worm length and mean worm burden between species 177
The mean number of adult worms per trachea differed significantly between species, with crows 178 having a mean worm burden of 11.17 (± SEM = 0.10) and pheasants having an average of 7.54 (± 179 
species. 226 227
In agreement with previous studies (Olivier, 1944; Guildford and Herrick, 1954) , immune function 228 is responsible for the establishment of S. trachea within the ring-necked pheasant. This is 229 demonstrated by a reduction in parasite abundance in birds that had evidence of previous 230 exposure. There was however, a trend for greater numbers of adult worms in crows, which 231 suggests that worm establishment is not constrained by size or length of the trachea, and therefore 232 overall host size, however is perhaps a function of host immunity. Indeed, Olivier (1944) , found 233 that S. trachea establishment was dose dependent. He found that the number of worms 234 establishing was inversely proportional to the size of the infective dose, and attributed this to the 235 strength of the immune response (Olivier, 1944 ). This result is in stark contrast to the findings of 236 Michael and Dunby (1989) , who found that Trichuris muris establishment in the murine host is 237 believed to be regulated by density-dependent infraspecific competition, owing to the finite space 238 in the caecum. It is unlikely however, that S. trachea establishment is regulated in a similar 239 manner as more worms have been found in crows with a shorter trachea, and there was no 240 relationship between trachea length and mean worm burden. This apparent immune-mediated 241 inhibition on worm establishment has also been identified for S. trachea in chickens, with a lowerestablishment was merely a result of parasite-mediated competition, worm establishment, and 244 therefore burden, would be similar in both immunological naïve and previously exposed birds 245 (Luong et al., 2011) . 246
247
One reason to explain the trend for higher worm abundance in crows is acquired-immunity. 248
Pheasants are known to develop moderate immunity to S. trachea, however, no such work has 249 been conducted in wild crow populations. Being a known reservoir for S. trachea, it may be that 250 crows have a higher parasite threshold for the stimulation of an immune response or they do not 251 develop significant immunity to subsequent infections. Indeed, pheasants appear to be more 252 susceptible to infection early on in the rearing process, whereas S. trachea adults have been 253 recovered from crows of varying ages (Personal unpublished data). Further work is however, 254 required in order to determine whether wild crows develop any immunity to S. trachea. 255
256
Although density-dependent reduction of worm fecundity was present in both species, the fact that 257 the effect of crowding on mean worm length was more profound within the crow population is 258 interesting. Mean worm burden explained 82% of the variation in mean worm length in crows, 259 compared with 64% in pheasants, with crows having a tendency for a greater mean worm burden 260 when compared with pheasants. Even so, the fact that worms tended to be shorter in crows, in 261 response to higher mean worm burdens, suggests that these effects are indeed density-dependent. 262
The inverse relationship between worm length and worm burden was present in both species, and 263 appears to be a result of parasite-mediated competition, for either space or resources. Indeed, these 264 effects were even observed in pheasants with no history of previous exposure. Similarly, as there 265 was a vast number of birds of different ages, it is unlikely that age-dependent acquired-immunity 266 was responsible for the manifestation of density dependence within these birds, as the effects were 267 identified in juveniles, as well as adult birds, with little to no acquired immunity. Conversely,The parasite threshold for the manifestation of density-dependence within this study was low 279 471  472  473  474  475  476   477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508 
